The control problem for a series dc motor is considered. Based on a nonlinear mathematical model of a seriesconnected dc motor, it is shown that the combination of a nonlinear transformation and state feedback (feedback linearization) reduces the nonlinear control design to a linear control design. To demonstrate its effectiveness, an experimental study of this controller is presented. These experimental results are also compared with a simulation of the closed-loop system. Finally, it is shown that a nonlinear observer (with linear error dynamics) for speed and load torque can be constructed based only on measurements of the motor current. Experimental results of this speed and load-torque estimator are also presented.
I. INTRODUCTION
A DC MOTOR in which the field circuit is connected in series with the armature circuit is referred to as a series dc motor. Due to this electrical connection, the torque produced by this motor is proportional to the square of the current (below field saturation), resulting in a motor that produces more torque per ampere of current than any other dc motor. Such a motor is used in applications that require high torque at low speed, such as subway trains and people movers [1] . In fact, the series motor is the most widely used dc motor for electric traction applications [7] .
The mathematical model of the series dc motor is nonlinear. The nonlinearities consist of the torque being proportional to the square of the current and the back EMF being proportional to the product of the current and speed. Based on this nonlinear model, the work in [10] and [12] has shown that differential-geometric methods of nonlinear control [2] - [5] , [16] , [17] , [19] are applicable to series dc motors. In [10] , both feedback-linearizing and input-output linearizing control algorithms for speed control were explicitly constructed for the series dc motor. That is, by a combination of a nonlinear transformation and state feedback (feedback linearization) it is shown that the nonlinear control design is reduced to designing a linear control law. An experimental study is done using this controller and compared with a simulation of the closed-loop system.
Manuscript received October 18, 1996 Publisher Item Identifier S 0278-0046(98)00900-9. Based on the work of [17] - [19] , it was shown in [10] that a nonlinear observer for speed and load torque for the series dc motor can be constructed based only on measurements of the motor current. The constructed observer has linear error dynamics, so that the rate of convergence of the speed and load-torque estimates can be arbitrarily specified. Experimental results of this speed and load torque are presented. Based on these efforts, it was found that the A/D converter used for the current measurements requires a higher resolution than 8 b, in order to obtain a speed estimate accurate enough for feedback control.
For applications of the differential-geometric techniques of nonlinear control to stepper motors, shunt-connected dc motors, and induction motors, the reader is referred to [6] , [9] , and [11] . Fig. 1 is a simplified picture of a separately excited dc motor. A series dc motor is configured by simply connecting the field circuit in series with the armature circuit That is, by connecting terminal to terminal in Fig. 1 , so that one obtains a series-connected dc motor. The input voltage is then applied between terminals and In Fig. 2 , the armature inductance is denoted by and the field flux is given by , where is the magnetization curve given in Fig. 3 . As seen in Fig. 3 , the magnetization curve is strictly increasing. It is also symmetric with respect to the origin and satisfies for Below the knee of the magnetization curve, may be modeled as a linear function of i.e., where
II. MATHEMATICAL MODEL
In a typical series-connected dc motor, the condition holds, where is the armature inductance. In Fig. 2 , and denote the resistance of the armature and field windings, respectively. The constant denotes the torque/back EMF constant, so that 0278-0046/98$10.00 © 1998 IEEE Finally, denotes the viscousfriction coefficient.
Therefore, with , the equations of a seriesconnected dc motor are [1] (1)
Note that the torque produced by the motor is always positive, which is a direct result of the series connection. That is, when the armature current is reversed, so is the field current (as they are the same current), thus reversing the magnetic field in the airgap and keeping the torque positive. If a negative torque is required, the terminal of the field circuit (see Fig. 1 ) must be disconnected from terminal and reconnected to terminal If the field circuit is not in magnetic saturation, so that the system (1) reduces to (2) where The motor used in the experimental results reported below has the saturation curve shown in Fig. 3 . As seen in the figure, the field flux goes into saturation at approximately 1.5 A. However, the experimental motor is rated for only 1.7 A, so that the effects of saturation are negligible under these conditions. Therefore, the nonlinear system (2) is used to model the motor.
III. NONLINEAR SPEED CONTROLLERS
FOR THE SERIES DC MOTOR A speed controller for the series dc motor is now described using the concept of feedback linearization [10] , [12] , [14] , that is, by a combination of a change of coordinates and state feedback, the original nonlinear system (3) can be made linear from input to state. To do so, consider the nonlinear change of coordinates
In these new coordinates, the system is represented by where the load torque is assumed to be constant.
To linearize the system using feedback, the input voltage is set as (3) resulting in the linear system where is a new control input. The controller (3) is singular when , which is simply a consequence of the fact that the motor cannot produce torque without current.
With a reference trajectory given by and the motor's acceleration, tracking of this reference trajectory is achieved by choosing the input as (4) Setting the gains as places the closed-loop poles at IV. SPEED AND LOAD-TORQUE OBSERVER BASED ON OPTICAL ENCODER MEASUREMENTS In the experimental setup, an optical encoder is used to determine the motor's speed. Typically, a simple backward difference algorithm is used to compute the speed from the position measurements. However, an observer can be used to provide a smoother estimate of the speed, as well as an estimate of the load torque. To do so, the load torque is modeled as a constant, so that the system model becomes (5) A speed and load-torque observer is then given by (6) Subtracting (6) from (5), the resulting observer error system is then (7) where and It is easily seen that choosing the gains as places the poles of the observer error system (7) at Even if a load torque is not present, the observer (5) should still be used to eliminate any steady error on the speed estimate due to modeling errors. For example, when equation (6) was subtracted from equation (5), it was assumed that the motor torque terms cancelled exactly. However, if this is not the case, for example, the difference is (constant), then (7) must be modified to Denoting the Laplace transform of as it is easily found that where However, by the final value theorem it follows that That is, an unknown constant disturbance in the torque model is rejected from the speed estimate.
A block diagram of the feedback linearization controller along with the speed and load-torque observer is given in Fig. 4 .
V. SPEED ESTIMATOR WITHOUT AN ENCODER (SENSORLESS OBSERVER)
It is also theoretically possible to design an observer for speed and load torque based only on the current measurement [16] - [19] . The idea, as described in [10] , is to find a coordinate transformation that will transform the original system (2) into a system that is linear in the unmeasured state variable For the system (5), consider the change of coordinates Then, the system equations become (8) which is now linear in the unmeasured state variable The observer is then defined by
The observer error system is found by subtracting (9) from (8), i.e.,
where and Choosing the gains and as results in the characteristic equation of (10) being given by
That is, these gains put the poles of the observer at and where and are positive.
VI. LEAST-SQUARES PARAMETER IDENTIFICATION
A standard least-squares approach [8] was used to identify the parameters of the model (2) . Specifically, the mathematical model (2) is rewritten as (11) where is given at the bottom of the page, with being the sampling period and
The least-squares solution is then (12) where (13) In the identification experiment, the current and voltage are chosen to ensure that is invertible. In this case, it is well known that (12) minimizes the squared error (14) VII. EXPERIMENTAL RESULTS
The experimental setup used in this paper consisted of a single-pole-pair dc motor (Bodine Electric) with the field winding connected in series with the armature circuit. The motor was fitted with a 2000 pulse/rev optical encoder. A Motorola DSP56001 fixed-point processor was used to execute the control algorithms. A data acquisition board to collect data consisted of four 8-b A/D's to measure the currents and voltages and two 12-b D/A's to command voltages to the amplifier. The linear amplifiers were restricted to 40 V and 5 A continuous. The currents were scaled, so that a full A/D reading corresponds to 5 A. As one of the 8 b is a sign bit, the resolution of the current measurements was A. The sample rate was set at 5 kHz.
Using the least-squares approach described in Section VI, the parameter values for the experimental motor were determined to be H, , N m/rad/s, N m/Wb A, kg-m In order to have a load torque on the motor, a permanent magnet dc motor was coupled to the series-connected dc motor and run as a generator with an external resistor connected to its armature terminals. The back EMF/torque constant of the load motor was N m/A and the armature resistance of the load-motor
The voltage produced by the load motor is so that the steadystate current across the armature and load resistor is The steady-state load torque is then
The inertia identified for the series-connected motor also includes the inertia of the load motor.
The system's closed-loop poles using the feedback linearization controller were set at , while the poles of the observer's error system were set at
The above controller has a singularity when the current is zero and, thus, at the startup of the motor. To get around this difficulty, the current in the controller algorithm was bounded below by 0.04 A. That is to say, if A, then was set equal to 0.04 sign in the controller algorithms.
Using the simulation package SIMNON [15] along with the above parameter values, controller gains, and amplifier constraints, the system model (2), along with the feedback linearization controller and observer, was simulated for comparison with the experimental results. 
A. Speed Control of the Motor Up to 190 rad/s
The first experimental set was chosen such that the speed was brought up to 190 rad/s with no load torque on the motor. Fig. 5(a) is a plot of the (estimated) speed using the feedback linearization controller along with the speed reference and the simulated speed. The tracking capability is more readily seen by a plot of the speed error, as shown in Fig. 5(b) , where it is seen that the error is no larger than 1.5 rad/s. Fig. 5(c) is a plot of the desired acceleration, estimated acceleration, and simulated acceleration. Note how well the estimated acceleration tracks the desired acceleration.
It is also interesting to note that the simulated acceleration matches the estimated acceleration quite well. The staircase effect in Fig. 5(c) is due to the quantization of the current measurement (used in the calculation of the acceleration) by the 8-b A/D. Fig. 5(d) is a plot of the predicted load torque and the estimated load torque. Note that the estimated load torque is not zero as expected, but does oscillate around zero. This is most likely due to inaccuracies in the assumed model on which the observer is based. Fig. 5(e) is a plot of the actual current and the simulated current where, again, the staircase effect is due to the limited (8-b) resolution of the A/D used to measure the current. By examining this figure, it can be seen that the motor does not hit the current limit. Fig. 5(f) is a plot of the applied voltage and the simulated voltage. Note that the applied voltage is just under the limit of 40 V.
B. Speed Control of the Motor with a Steady-State Load Torque
In this experimental run, the feedback linearization controller was used to force the motor to track a trajectory that takes the motor up to a speed of 100 rad/s with a steadystate load torque of 0.17 N m on the motor. Fig. 6(a) is a plot of the (estimated) speed along with the speed reference. Again, the tracking capability is more readily seen by a plot of the speed error as shown in Fig. 6(b) , which shows that the error is no greater than 1 rad/s. Fig. 6(c) is a plot of the desired acceleration and estimated acceleration. Again, note how well the estimated acceleration tracks the desired acceleration. Fig. 6(d) is a plot of the predicted load torque and the estimated load torque. Note that although the estimated load torque does not track the predicted load torque perfectly, it is not too far off. Again, errors are most likely due to not having an exact model of the system. Fig. 6 (e) is a plot of the actual current, where it is seen that the motor does not hit the current limit. Fig. 6(f) is a plot of the actual voltage and the simulated voltage. Note that the applied voltage never hits the limit of 40 V.
VIII. SENSORLESS OBSERVER
Here, we present some of the preliminary results at implementing the encoderless observer given in Section V. The gains used in the sensorless observer (9) were as follows:
gain value
These gains place the closed-loop poles of the observer's error system (10) at and The observer's measurement is singular at For this reason, the observer was not initiated until the current reached a value of .1 A. This corresponds to just over 0.05 s in Fig. 6(e) . Before this time, both the speed estimate and load-torque estimate are taken to be zero. Fig. 7 shows the experimental results of the sensorless observer, showing that the observer was able to track the speed to some extent. Fig. 7(a) is a plot of the estimated speed using the standard observer (Section IV) and the estimated speed using the sensorless observer (Section V). Again, note the speeds track, except for the slight oscillations on the sensorless observer speed. Fig. 7(b) represents the error between the desired speed and the estimated speed. The speed error is quite large at the beginning, due to the fact that the observer does not get a current measurement until 0.05 s have elapsed. Fig. 7(c) is a plot of the predicted load torque, estimated load torque from the sensorless observer, and the estimated load torque from the standard observer described in Section IV. Fig. 7(d) is a close-up of Fig. 7(c) . Note that the load-torque estimate from the sensorless observer is similar to that of the load-torque estimate from the observer based on the position measurement. Even though the speed estimates and load-torque estimates tracked to some degree when not used for feedback, these estimates (based on the sensorless observer) seriously deteriorated the tracking performance of the motor when used for feedback. This appears to be due to the lack of resolution in the current measurements, since only an 8-b A/D was used.
IX. CONCLUSIONS
It has been shown that feedback linearization can be successfully implemented as a high-performance feedback controller for speed control of a series dc motor. This implementation was compared with a simulation of the system which showed a considerable degree of correspondence. It was also shown that a speed and load-torque observer results in an accurate speed estimate that is insensitive to constant disturbances in the torque model. Preliminary results of a sensorless speed observer were also presented. More work remains to be done to be able to use this speed estimate for feedback in a highperformance motion control. In particular, an A/D with higher than 8-b resolution for the current measurement will be needed.
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